A virtual high frequency damping (VHD) method is proposed in this paper for the improving of L filter-based grid-connected inverter's stable margin as well as its output current waveform performance. The precise frequency domain model of system, which involves pulse width modulation (PWM) and digital control delay, is sophisticated studied. Based on which, the quantitative relationship between the proportional (P) control gain and the inductance value as well as the digital control delay is revealed, and the system global control gain margin is obtained. Furthermore, the stability problems caused by the larger value of control gain under the traditional control method and a current sampling prediction (CP) method are studied, respectively. Therefore, the guidelines for the designing of system's virtual damping is provided, and VHD method as well as its phase compensation approach are thereby proposed to attenuate the oscillation of system output current, in particular of the high frequency oscillation, and to improve system performance in terms of expanding the current loop operating bandwidth and increasing the system stable margin. The simulation and experimental results both clearly validate the correctness and feasibility of the proposed VHD method.
I. INTRODUCTION
Pulse width modulation (PWM) voltage source converter cooperated with L filter is always the core component applied to many power electronics systems, and the inductor current control is always implemented as the inner control loop, and its response ability always determines the operating bandwidth of the cascade control loop system. Because the converter output inductor current is usually selected as direct control object, the direct approach to improve the system response time and stability convergence rate is to increase the inner current loop gain. However, there are still technical challenges to increase the global control gain in the digital The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiang Zou .
control system, especially in the high-power applications with small switching frequency and small inductor value.
Digital control delay and switching delay are parasitic in the digital controlled converters [1] , and these delays are often neglected when the inner loop time constant is much larger than the sampling period, and the current loop is often simplified to a first-order system [2] . In addition, when the inductor value and the control frequency are high enough, which means that the large proportional (P) control parameter is allowed, the P controller can be only used to satisfy the dynamic and static tracking error requirements. However, the range of P parameter is limited in most cases, and it is prone to introduce high frequency harmonic problems or even destabilize the system operation when P parameter is close to or greater than the allowable threshold. Therefore, the smaller P parameter has to be used to ensure the sufficient stable margin. However, when the small P parameter is implemented, the steady-state error becomes larger which make the low frequency harmonic problem become worse. Proportional-integral (PI) controller is traditional used in synchronous frame to improve low frequency gain [3] . However, the effective bandwidth of the integral controller is narrow, and it is often invalid at the fundamental frequency. Proportional resonance (PR) controller has been widely used for its infinite gain at the operating frequency, which can be equipped at fixed frequencies to attenuate the corresponding harmonics [4] , [5] . But the PR controller is sensitive to the frequency variation, and the compromise between harmonics performance and response ability must be considered in its implementation [5] - [7] . Because the PR controller has advantages in harmonic control and PI controller has better low-frequency gain characteristics, numerous research works have been conducted to implement or improve PI or PR controllers [8] , [9] , further PR controllers [4] , PI-R controllers [10] , and PI-VPI controllers [11] are also developed. However, the control structures are becoming complex with the increasing number of resonant frequencies in the PR controllers, which requires that the digital controllers have higher performance [12] . Repetitive controllers are popular for its ability to regulate a series of harmonics components, while its dynamic response and frequency adaptability need to be improved in the grid-connected system [13] , [14] . There are many literatures focus on the predictive control to overcome the digital delay and achieving precise current control with minimum distortion and harmonic noise, but the methods need the good knowledge of the system parameters [15] - [17] . In addition, the predictive current enlarges the high frequency control gain, which decreases the gain margin in the digital system, so the robustness of the system should be improved [18] . Recently, the literatures have studied the active damping control algorithm, which aims to attenuate the system resonance peak and improve the stable margin, especially in the LCL-filter based system which brings seriously high frequency oscillation, and it cannot be operated without any damping method [19] - [23] . But the studies mainly focus on the implementation of damping within the system pass band, when the only current feedback is implemented and the damping controller is active larger than f s /6, the system is unstable [22] , and the system characteristics near f s /2 are not sophisticated studied in the literatures.
In this paper, a virtual high frequency damping method (VHD) is proposed to settle down the stable problems caused by large control gain. Due to the implementation of the method, the active frequency band of the current loop is expanded, and the stability margin of the system is improved as well. Furthermore, the method enhances the system inductor filter parameter adaptability, which optimizes the output current waveform performance. This paper is organized as follows. In Section II, the precise PWM switching model is developed, and the control method with or without current predictive algorithm (CP) is discussed, the stable problems introduced by large control gain are sophisticated studied as well. In Section III, VHD is proposed with CP unit, and the design guidelines for VHD is provided. Simulation and experimental results, which verify the effectiveness of the proposed method, are presented in Section IV, and finally, the conclusions are drawn in Section V. Fig.1 shows the basic three phase inverter topology, and the parasitic resistances associated with the topology are neglected, which is equal to cut out the passive damping from the L filter and make the worst case for the current control [24] . The input DC voltage v dc is not always constant due to the intermittent characteristics of the distributed source impedance, and the bus voltage utilization λ is determined by the inverter modulation scheme. T s is the switching period, and the sampling frequency is equal to switching frequency f s in this paper. In the most literatures, the PWM is always modeled as a zero-order-hold (ZOH) or a 0.5T s delay link, which is true for the low frequency band characteristics. However, the precise PWM model should be studied to obtain the PWM characteristics in the high frequency domain. 
II. LARGE GAIN VALUE IMPACTS FOR CURRENT CONTROL

A. PRECISE PWM MODEL ANALYSIS
The center aligned PWM mode is commonly used in the digital controlled inverter systems, and the output voltage waveform of the inverter bridge is shown in Fig.2 (a) . The duration of the PWM is denoted by DT s , where D is the duty ratio of the upper switch in each bridge. Therefore, each bridge output voltage of the inverter is expressed as
So, its frequency domain model is denoted as the (2), and ω is angular frequency. It is known that (D · T s ) is the input signal of the PWM model, and the precise PWM model is derived as
Therefore, the PWM model with duration input signal is depicted as Fig.2 (b) , where the unipolar output waveform is produced. When using sinusoidal PWM (SPWM) and the input signal is replaced by a bipolar modulation wave m (It is a triangular wave with amplitude between −1 and 1), it is deduced that the PWM model can be converted to
in which, f PWM (m, ω) = sin [(m + 1)ωDT s /4] / [(m + 1)ωDT s /4]. In (4), λ = 0.5 is associated with SPWM model. The value of λ in three phase system can be improved by other modulation methods, such as space vector pulse width modulation (SVPWM) [1] . This PWM procedure is depicted as Fig.2 (c). The frequency domain characteristics of this PWM model can be fitted as shown in Fig.2 (d) , where f s is the switching frequency (10kHz in this paper). It is seen that the model of PWM changes between two boundary functions, and these two functions are expressed as (5) .
In the normal control bandwidth, which is always defined within f s /6, both ZOH and 0.5T s delay link are suitable for representing precise PWM model with different values of m. However, with the increasing of frequency, the model's characteristics change with m, which may cause high frequency non-odd symmetry and intermittent characteristics of the output waveform. This nonlinear feature will become serious when the high frequency gain is large.
B. SOPHISTICATED ANALYSIS OF TRADITIONAL DIGITAL PROPORTIONAL CONTROL WITH PRECISE PWM MODEL
Because the transformation from three-phase stationary coordinates (a-b-c) to two-phase stationary coordinates (α-β) belongs to linear transformation, while the two-phase rotating coordinates (d-q) has the influence of frequency disturbance without this linear feature, the control system is established and analyzed based on α-β in this paper. Fig.3 (a) shows the traditional digital control structure for three phase grid connected inverter in α-β. The d-q transformation only acts on the current reference generation system as well as phase locked loop (PLL) system. In order to reduce the disturbance introduced by the fluctuations of DC bus voltage v dc and grid voltage v g , their decoupling and feed forward control are always implemented as shown in Fig.3(a) . Furthermore, there always exists T s delay for digital process to satisfying sufficient digital computing time for the control method. Both the decoupling error and feed forward control error are considered as disturbance v, therefore, the system can be simplified as shown in Fig.3 (b) , and its closed loop transfer function G in (s) is derived as equation (6) when the P parameter k in is only implemented in the controller G c (s).
In (6), τ in = L/k in is the unitary expression of k in , reflecting the relationship between k in , L and T s . T s delay unit can be divided into two parts, which are respectively placed on reference path and feedback path shown in Fig.3 (c). Without considering the current reference delay, the close loop transfer function is derived (7) .
The frequency domain characteristics of G in (s) and G * in (s) are shown in Fig.4 , where f s = 10kHz and L = 3.6mH. Two boundary values of m are tested at the same time. The phase angle of G in (s) is always across −180 • at f s /6, which means that the system will tend to lose stability if there is not enough gain margin (GM). Unfortunately, the increasing of control gain is likely to result in resonance peak near f s /6, and the system is unstable when τ in is less than 2T s . Although G * in (s) has the same amplitude-frequency characteristics with that of G in (s), its phase angle turns cross −120 • at f s /6 and cross −180 • at f s /2, Respectively. Therefore, when τ in is between 2T s to T s , G in (s) suffers from stable problem, while G * in (s) faces with high frequency harmonics issues. When τ in approaches to T s , the phase margin (PM) significantly reduced, which is seen from Fig.4 (b). Due to that the system is highly sensitive to frequency disturbances near the resonance frequency, it will be unstable with the further increasing of control gain. As it is shown in Fig.4 , the stable margin of both transfer functions will be slightly larger with the increasing of m. When the signals close to f s /6 are involved in the given path, it is necessary to take effective compensation in the forward channel to avoid the unstable problem brought from high control gain. However, the frequency band of the given signal is often much lower than f s /6, so the delay of the forward channel can be ignored when the loop characteristics is only considered, and G * in (s) typically represents the loop system model.
C. ANALYSIS OF THE SAMPLING DELAY COMPENSATION UNIT IN CONTINUOUS S-DOMAIN
When the system parameters are well studied and the output filter has quasi-invariant nature, the current predictive strategy is suitable for inductor current prediction to compensate sampling delay [18] .
Without considering the model errors in the control plant shown in Fig.3 (a) , the relationship between the controller output m αβ and system output i L_αβ can be described as
m αβ , v g_αβ , and i L_αβ represent m, v g and i L in α-β coordinate, respectively. Such coordinate expression is not affected by the PLL because it doesn't contain any frequency information. The timing dispatch for sampling and controlling in digital signal processor are traditionally executed according to Fig.5 [18] . Therefore, in the switching period ([n-1]th to [n]th), (8) can be written in a discrete form (9) without considering the sampling errors.
whereî L_αβ (n) is estimated value of i L_αβ (n), and it is often used as CP unit to participate in the control. This CP process can be illustrated in the s-domain aŝ
Combing with the CP unit and according to the Fig.3 (c), the system control block diagram is naturally depicted as shown in Fig.6 (a) . And the transfer function of the system is listed as (11) .
The Bode diagrams of G * inp (s) is shown in Fig.7 (a) with different gains under both boundaries of m. Compared with G * in (s), the resonance peak is damped around f s /6 and the pass band is enlarged, meanwhile, the better attenuation at f s is realized. However, the resonance peak of G * inp (s) appears at f s /2 instead of f s /6, which means the system suffers stability problem rather than harmonic problem. In both values of m, the critical stability points appear when τ in equals to T s , and the system is unstable with the further increasing of control gain. Because at least 6 (dB) of GM should be ensured to satisfy practical demands, τ in must be always larger than 1.25· T s according to the figure. In fact, this value range will be further compromised.
Actually, this CP unit is the improvement for the control plant model, and estimated valueî L is the real control objective of the loop system, which is clear when the system equivalent changes to the form as shown in Fig.6 (b). The control plant and the CP unit are treated as new control plant, and the close loop transfer function of the new loop system is derived as the formula (12) shows.
From (11) and (12), the relationship betweenî L and i L can be written as
The estimation error of i L is seen from Bode diagrams of G est (s), which is shown in Fig.7 (b). The estimation error becomes larger with the increasing of frequency, and the error condition is more serious under the larger value of m.
Therefore, the greater value of m, the more serious estimation error interference is participated in feedback channel of the real control loop, and its influence is hardly weakened by the loop controller, especially for those digital controllers. There is out of the digital control scope outside f s /2, and the characteristics over f s /2 are neglected in this paper. Due to the influence of the estimation error, the margin of G * p (s) is relatively smaller than that of G * inp (s), and it is seen from fig.7 (c) , which provides the bode diagrams of G * p (s) with three gains under both boundaries of m. Different forms the previous situation, the larger m value will result in smaller margin, and τ in must be always larger than 2T s to satisfy global stable requirements. Otherwise, the system will first be suffered sub-harmonic oscillations at f s /2 in the CP unit and then loose stability with further increasing control gain. And this oscillation has intermittent and asymmetrical characteristics with the change of the m value due to its nonlinear affects for PWM model. The forward-path transfer function of the new system is also calculated by (14) . Fig.7 (d) shows the bode plot of G * inp (s) with different τ in when m = 1. GM is apparently decreased with the increasing of global control gain. In order to settling down the gain constraint, there are two intuitive solutions can be derived from the characteristics of the Bode plot. One approach is to VOLUME 7, 2019 improve the gain at specific frequency or specific frequency band within the pass band, such as the PR controller, which is also depicted in the figure. The other method is more direct, and it is to improve the global gain based on the implementation of proper damping in the high frequency band near f s /2. However, since the implementation of high frequency damping method is beyond the control band, it is rarely discussed in the literatures according to the active damping control.
III. PROPOSED VIRTUAL HIGH FREQUENCY DAMPING METHOD A. VHD DESIGN GUIDELINES
As the previous illustration, the high frequency damping should be proper designed to expand the current control gain limits. The expected features of this damping should be first defined before looking for the solutions. The system with CP unit can be illustrated as shown in Fig.8 according to the above analysis. The CP unit overcomes digital sampling delay. However, it introduces the high frequency perturbation i L , and from (13), it can be written as (15) .
The large control gain will reduce the system stability margin at f s /2, while also increasing this high-frequency disturbance in the loop. Therefore, the high frequency damping is designed to solve the following two problems: 1. Increasing the system stability margin under large control gain; 2. Decreasing the high frequency perturbation in current detection which is introduced by CP unit. And these two problems are also depicted in Fig.8 . Therefore, the damping system should have the following features: 1. The damping is active without introducing any additional energy consumption; 2. The damping has no or little effect on the system characteristics in the low-frequency band; 3. The damping can effectively reduce the system amplitude characteristics near f s /2; 4. The damping has certain parameter adaptability without affecting by other controllers, such as PLL; 5. The damping is facilitated to digital implementation, and its realization is explicit and simple. Based on these guidelines, the VHD control algorithm is designed.
B. OPERATION PRINCIPLE OF THE VHD ALGORITHM
The basic active damping method for the system is shown in Fig.9 (a) , the virtual impedance z d performs as damping module which is placed on the state feedback channel, and the system with z d is written as (16) .
To make z d effective in the high frequency band without affecting the low frequency characteristics, the magnitude of z d (|z d |) is hoped to be dramatically increased when it approaches to f s /2. Meanwhile, the angle of z d ( z d (s)) is hope to be close to 1/G * inp (s) , which is equal to that − z d (s) is close to G * inp (s). The second-order derivative term is particularly consistent with these requirements, and its available impedance form is given as (17) .
k d is the term coefficient and z ds is the ideal s 2 term. However, there always has implementation error when use digital feedback control to achieve this s 2 term, especially in the high frequency band. When use the current feedback channel to realize s 2 term, there are two intuitive implementation methods.
When the sampled feedback current i L is directly used to construct s 2 term, the real impedance is derived as (18) .
where T s delay unit is unavoidable for digital process. However, when constructing s 2 term, the impedance expression also changed. And from (13), it can be derived as:
Those three forms of impedance are respectively marked as x, y and z in Fig.9 (b) , and their enforceability are tested according to their frequency domain characteristics in the Fig.9 (c), where k d is temporarily set to 1. The phase angle of z ds (s) is constant, and its gain squarely increases with the increasing of frequency. Meanwhile, the phase angle of G * inp (s) gradually closes to − z d (s), and they intersect at −180 • , which means that the sub-harmonic oscillation will be effectively attenuated. However, z d1 and z d2 are in inconsistent with z ds in the high frequency band. The high frequency gain of z d1 is slightly reduced with decreasing of m, − z d1 (s) spans 360 • within f s /2. G * inp (s) and − z d1 (s) experience overlapping, reverse and re-overlapping process in the high frequency, their relationship is complex and the negative feedback design of z d1 will increase the gain in some high frequency bands. The difference between G * inp (s) and − z d1 (s) is 180 • at f s /2, and the positive feedback is suit for damping at f s /2, which will destabilize the system because they still overlap at high frequency band. Those reasons make it difficult to achieve high frequency damping by traditional current feedback channel.
If the virtual impedance is still existed in the current feedback channel shown in Fig.9 (b) , it is marked as { and presented as (20) .
The frequency domain characteristic of z dp (s) is also tested in Fig.9 (c) . It is seen that z dp (s) and z ds (s) have the same phase frequency characteristics, and the amplitude characteristic of z dp (s) is slightly less than that of z ds (s) when m decreases, which has little effect on the damping feature. So, z dp (s) is an approximation of the ideal s 2 term, and its operation method is presented as shown in Fig.10 . The controller output is also seen as the state of the system, which can be used for feedback control, and this ideal is often neglected for the existing of digital process delay. When the VHD is implemented, from (16), (20) and Fig.10 , the loop transfer function is deduced as
With the increasing of δ, the high frequency gain of the loop system is effectively damped, which is seen in Fig.11 . When τ in = 0.75T s , three different values of z dp (s) as well as their damping effects are seen in Fig.11 (a) , the original system is unstable, because its gain much larger than 0dB, and the gain margin of the system gradually increases under the high frequency attenuation of VHD. As in the low or middle frequency band, the difference between G * inpd (s) and − z dp (s) is large, and the negative damping effect is appeared when the phase difference is larger than 90
• . Furthermore, the value of |z dp (s)| cannot be ignored in the middle frequency band when the larger δ is implemented. So, the larger value of VHD will increase the loop gain and create a gain ramp in the middle frequency band, meanwhile, the loop phase margin is reduced as well. So, the value of δ should be designed without introducing large gain in the middle band, and the middle band gain should be less than 3 dB in practical.
The larger loop gain is utilized, the larger value of VHD is required, and the gain ramp problem in the middle frequency band is more serious. It is seen in Fig.11 (b) , when τ in = 0.5T s , the larger value of δ is needed to attenuate the gain below −6(dB) at f s /2 to satisfy gain margin requirement. Although the system is stabilized by VHD, its gain ramp is much larger than 3(dB) in the middle frequency band, and the system will be much sensitive to the middle bands disturbances. In order to deal with this contradiction, the phase compensation for the z dp is needed to reduce the difference between − z dp (s) and G * inpd (s) from the middle to the high frequency band, thus the effective damping frequency band is expanded. In addition, the larger value of m, the better attenuation effect, which is also seen in Fig.11 (b) .
In order to compensate the phase of z dp , the expression of z dp is improved as
In which, ξ is phase compensation factor, its value determines the phase compensation value. And the VHD implementation method is also improved from (22) , which is seen in Fig.12 . Apparently, the VHD implementation essentially use digital high pass filter to process the controller output signal, and the processing result re-participates in the control in the form of negative feedback. From (16) , (22) and Fig.12 , the loop transfer function and the system equivalent controller are easily derived as (23) and (24) . Fig.13 (a) shows the frequency domain characteristics of G * iinph (s) with different values of δ and ξ when τ in = 0.5T s , the corresponding impedances features of z dph are also presented. Although the virtual impedance gain value at f s /2 is reduced to some extent when ξ is increased, the phase of z dph drops and deviates from 180
• in the middle band, which means that − z dph (s) is closer to G * inph (s) and it is seen in the figure. Then the effective damping scope is enlarged, and the gain ramp in the middle band is reduced. The phase margin of the loop system is certain improved and middle band gain ramp is reduced within 3 dB under the operation of phase compensation. Then the loop system is not sensitive to the disturbances in the middle or high frequency bands.
According to the above analysis, the VHD design step for inductor current control is followed as: 1. The system parameters as well as control frequency should be first set to obtain the accurate system mode (7) which reflects its high frequency characteristics; 2. CP unit (10) is next implemented to the feedback channel to compensate the sampling delay; 3. Frequency domain characteristics of the system (11) is tested to obtain the desired damping coefficient k d and δ; 4. Implement the VHD (20) and observe the middle band characteristics of the system (21) to determine whether the damping impedance needs the phase compensation; 5. If necessary, use (22) to compensate the damping impedance phase, the frequency domain feature of (23) is analyzed and the values of δ and ξ are further adjusted to satisfy the stable margin.
Following the design step, the global control gain is further increased by the increasing of δ and ξ . Fig.13 (b) presents the Bode plot for the open loop system with VHD method, which reflects the forward channel gain characteristics. It is seen that the control gain is increased according to different τ in values, the high frequency amplitudes are damped with the cooperation of different VHD parameters. The large VHD value will still have an impact on the pass band, but this effect is relatively small or even negligible. The VHD has an obvious pass band gain advantage compared to that of PR controller, and the PR controller only increases the gain at some local frequencies which is also seen in Fig.13 (b) . Therefore, VHD provides the feasibility for extending the range of system global control gain.
IV. SIMULATION AND EXPERIMENTAL RESULTS
When the proposed VHD with CP unit is operated under the α-β coordinate control structure shown in Fig.3 (a) , and L filter-based three phase inverter shown in Fig.1 is the control objective, the performance of the VHD is verified through simulation and experimental results. The control frequency and switching frequency is 10(kHz), and L is 3.6(mH), which are the same with that of the previous Bode diagram analysis.
A. SIMULATION RESULTS
The simulation of the inverter system with the proposed VHD method is carried out by means of MATLAB SIMULINK. Fig.14 shows the simulation waveforms of the inverter output current, predictive current and the current control error within a grid fundamental cycle. The different control parameters are also presented in the figure to illustrate six different operation characteristics.
When τ in = 2T s , CP and VHD are not implemented, the control error is large and it is mainly reflected in the low harmonics for the small control gain is adapted, which is seen from Fig.14 (a) . To further increase k in , and τ in = 1.1T s , it is known from (7) and Fig.4 (b) that the system is sensitive to disturbance near f s /6 under the parameters shown in the figure, which is verified by Fig.14 (b) and it is seen that the oscillation frequency is closed to f s /6. With the same control gain, the oscillation frequency is changed to f s /2 when the CP unit is implemented, which is consistent with the analysis of (11) and Fig.7 (a) , and it is seen in Fig.14 (c) . Compare to the predictive current in Fig.14 (b) , the predictive error is much larger at f s /2 under the operation of CP unit, and this oscillation and estimated errors are asymmetric, because the estimated error is high in the high frequency band and it will increased with the increasing of m, those phenomena verify that the analysis of (13) and Fig.7 (b) , (c) are the true. The system will be unstable if continue to increase the control gain, because there is not enough gain margin exist.
After the implementation of VHD, the sub-harmonic oscillation is eliminated and system is stable even τ in is smaller than T s , which is seen in Fig.14 (d) , and the control error is relatively reduced than that in Fig.14 (a) . In order to reduce the lower harmonics to a greater extent, the system gain is further increased and τ in = 0.2T s , δ is followed increased to enlarge the gain margin in Fig.14 (e) . However, the mid-band disturbance is amplified and the output current is polluted by the harmonics of this band, which is the similar situation as that in Fig.11 (b) without any phase compensation. Therefore, the phase angle of the VHD is compensated by ξ in Fig.14  (f) , and the mid-band disturbance is effectively suppressed. Meanwhile, the control error in the low band is significantly reduced for the operation of large control gain. The characteristics of these waveforms shown in Fig.14 are in good agreement with the previous theoretical analysis, and then the effectiveness of the proposed VHD method is verified by simulation.
B. EXPERIMENTAL RESULTS
The laboratory-scale inverter system is shown in Fig.15 for the verification of proposed VHD method. v dc is provided by DC source and it set to approximately 400(V), v g is connected to the grid through the regulator and its effective value is set about 110(V). Two level three phase Danfoss frequency converter is employed to be operated as a currentcontrolled inverter, and control algorithms for the converter are implemented in DS1006 dSPACE system. First, traditional digital control structure shown in Fig.3 (a) is used. When τ in is 2T s , the output current is seen in Fig.16(a) , and the low harmonic contents, especially 3 rd and 5 th harmonics, are large for the low control gain in this band. Due to three phase system, harmonics at f s and 2f s are as the main harmonic components of the high frequency band and exist simultaneously. To further increasing the control gain and make τ in approach to 1.5T s , then the current oscillation near f s /6 is occur and the oscillation becomes seriously with the further increasing of control gain, which is seen in Fig.16 (b) , where τ in is 1.2T s . As the analysis in Section II, the large control gain will decrease the phase margin of the system.
And this situation is changed when the CP unit is implemented as shown in Fig.6 . Apparently, the oscillation frequency is pushed to f s /2 shown in Fig.17 . When τ in is 1.2T s , there is intermittent sub-harmonic oscillation appear in Fig.17 (a) , and this oscillation is asymmetric due to different high frequency characteristics with different values of m. When the modulation range is larger, the characteristics of the oscillation will become more serious, and it is seen in Fig.17 (b) . v dc is fine-tuned to 380(V), and the oscillation changes from intermittent to continuity, and the more serious oscillation is appeared for the decreasing of gain margin in f s /2. To further increase the system gain, the current waveform will be divergent and the system is unstable.
In order to suppress the sub-harmonic oscillation and enlarge the value range of the control gain, VHD is implemented and the current waveforms are shown in Fig.18 . When (22) is adopted, δ = 0.03 and τ in = 0.2T s , it is seen in Fig.18 (a) that the middle band harmonics are particularly obvious, which is exactly the same as the previous analysis, and it is caused by the large phase difference between − z dp (s) and G * inpd (s), which performance reversed damping effect in the middle frequency band. In order to deduce the effect introduced by middle band disturbances, (24) is used as an improved P controller, and ξ = 0.2 is implemented, then the harmonics in the frequency below f s /2 are effectively reduced and the system stable margin is improved. Compare to the performance in Fig.16 (a) , the low frequency control gain is improved by nearly 10 times in Fig.18 (b) , which means that the gain value range of the system is dramatically enlarged, and the effectiveness of VHD is proved. It should be note that the compensation for the effect of the delay in reference channel is not considered in the paper, the middle band disturbance brought from the reference channel will still be enlarged, especially in current transient response process, which is seen in Fig.18 (c) . Without any reference compensation, there should be avoid the emergence of middle-band to high-band information in the reference signal.
V. CONCLUSION
On the basis of factors such as digital control delay and switch equivalent delay, the precise model of the L filterbased grid-connected inverter is constructed in this paper. And the correctness of the mode analysis method is judged by theoretical analysis. The performance of the system is improved in terms of current loop bandwidth, system stability margin and L parameter adaptability, by introducing a proposed VHD method in the current loop. The bandwidth of the current loop is expanded (the crossing frequency increases from f s /6 to about f s /2). The stability margin of the current loop is improved (the vale range of k p is almost expanded over 4 times). The system output current characteristics in both the high frequency band and low frequency band are optimized (Low frequency harmonics are effectively attenuated without introduction of any high frequency oscillation). The method is convenient for digital implementation, and the parameter adaptability is enhanced because the stability margin of the system is improved. The theoretical and experimental results verify the correctness and feasibility of this method, and prove that it can greatly increases the system gain margin without affecting by any frequency detecting process.
